SYNOPSIS. The antigen receptors on cells of innate immune systems recognize broadly expressed markers on non-host cells while the receptors on lymphocytes of the adaptive immune system display a higher level of specificity. Adaptive immunity, with its exquisite specificity and immunological memory, has only been found in the jawed vertebrates, which also display innate immunity. Jawless fishes and invertebrates only have innate immunity. In the adaptive immune response, T and B-lymphocytes detect foreign agents or antigens using T cell receptors (TCR) or immunoglobulins (Ig), respectively. While Ig can bind free intact antigens, TCR only binds processed antigenic fragments that are presented on molecules encoded in the major histocompatibility complex (MHC). MHC molecules display variation through allelic polymorphism. A diverse repertoire of Ig and TCR molecules is generated by gene rearrangement and junctional diversity, processes carried out by the recombinase activating gene (RAG) products and terminal deoxynucleotidyl transferase (TdT). Thus, the molecules that define adaptive immunity are TCR, Ig, MHC molecules, RAG products and TdT. No direct predecessors of these molecules have been found in the jawless fishes or invertebrates. In contrast, the complement cascade can be activated by either adaptive or innate immune systems and contains examples of molecules that gradually evolved from non-immune functions to being part of the innate and then adaptive immune system. In this paper we examine the molecules of the adaptive immune system and speculate on the existence of direct predecessors that were part of innate immunity.
INTRODUCTION
The immune system of higher vertebrates displays exquisite specificity and strong immunological memory. These are the hallmarks of adaptive immunity, which is remarkable for its ability to change and improve over time. The adaptive immune system can be so effective that the host experiences few or no symptoms as many types of pathogens are eradicated from the body. It is these ''learned'' responses to foreign agents that allow immunizations of humans and their domesticated animals to prevent disease. Immune system molecules that govern specificity and memory are not found in most animals, nor can they be traced through a gradual evolutionary process to their present form. Instead the molecules that orchestrate adaptive immunity are found in the jawed vertebrates and nowhere else. That is, all the molecular components are present in cartilaginous fishes and higher vertebrates while none have been found in jawless fishes. Starting with the isolation of blood proteins in the 1960's and continuing to the present, most of the molecules of adaptive immunity that are pursued are found in sharks and rays and not in earlier fish lineages or invertebrates (Bartl, 1998; Clem and Small, 1967; Frommel et al., 1971; Kurosawa and Hashimoto, 1997; Litman et al., 1999; Marchalonis et al., 1998; Small et al., 1970; Suran et al., 1967; Voss et al., 1969) . It Sequences reported in this paper have been deposited in the Genbank database as accession numbers AY102165 (nurse shark RAG-1), AY102166 (Botryllus 12c), and AY102167 (Botryllus 22e) 1 From the Symposium Comparative Immunology presented at the Annual Meeting of the Society for Integrative and Comparative Biology, 2-6 January 2002, at Anaheim, California.
2 E-mail: sbartl@mlml.calstate.edu is not that these ''other'' animals do not have effective immune responses, they most certainly do. The immune responses of jawless fish and invertebrates effectively identify and inactivate or remove foreign agents, but without the level of specificity and memory found in jawed vertebrates (Hoffmann and Reichhart, 2002; Humphreys and Reinherz, 1994; Lackie, 1980; Nappi and Ottaviani, 2000; Ratcliffe, 1985; Salzet, 2001; Soderhall and Cerenius, 1998) . Immune responses such as these that cannot be considered adaptive are called innate. Innate immunity is found in both animals with and without adaptive immunity. The molecular components of the innate immune system do not appear to be closely related to the molecules of the adaptive system. What would make the molecules of adaptive immunity seem to appear out of thin air? Certainly innate immune functions preceded adaptive functions in evolutionary history. Thus, the adaptive immune system did not replace innate immunity, but rather augmented it. Based on molecular evidence, a system for the effective recognition and removal of foreign agents was in place at the time of the evolution of jawed vertebrates. It appears logical then that adaptive immunity would build on molecules that were present and part of host defense. We will consider two possible explanations for the lack of identified molecular precursors for adaptive immunity. First, the precursor molecules were performing innate immune functions and were structurally similar to the adaptive molecules of today. If so, extant homologs of these precursors still perform innate immune functions but may not be easy to isolate due to inherent diversity. Second, the molecular precursors of the adaptive immune system were perform- 
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ing functions other than immunity and underwent rapid evolution while being recruited to the emerging adaptive immune system. Extant homologs of these precursors are predicted to be quite different from their related immune molecules and serendipitous isolation may only be possible since it is difficult to predict their structure or pattern of expression. In this paper we will consider each of the key molecules of adaptive immunity and assess which explanation best fits our present state of knowledge.
Molecules of adaptive immunity
To understand our choice of adaptive molecules we need to provide some background on the components of immune systems. Adaptive immune responses are initiated by a subset of white blood cells, the lymphocytes, which displays highly specific receptors and contains memory cells. Lymphocytes are subdivided into B cells and T cells and they directly recognize and bind antigens. The antigen receptors on B cells are immunoglobulins (Ig) and on T cells are T cell receptors (TCR). Both types of receptors have Ig-fold domains and share other structural features that suggest a shared ancestor (for review see Hood et al., 1985) . Both require gene rearrangement of germline elements for the expression of the cell surface receptor. Gene rearrangement brings together single gene elements from two or three element pools [encoding the variable (V), joining (J) or diversity (D) regions]. This process is associated with the addition of non-templated nucleotides at the gene element junctions to produce what are called N regions (Gilfillan et al., 1995; Komori et al., 1996; VanDyk and Meek, 1992) . The two processes of gene rearrangement and N-region addition have the combined potential to produce a vast pool of unique receptor molecules. Each lymphocyte displays only one receptor from this pool, providing it with a unique specificity. Although antigen receptors on lymphocytes have structural similarity, the nature of the antigen bound by Ig and TCR is different. While Ig binds to free antigen in its native form, TCR binds processed pieces of antigens that are presented on major histocompatibility complex (MHC) molecules (Braciale and Braciale, 1991; Engelhard, 1994; Hudson and Ploegh, 2002; Whitton, 1998) . These MHC molecules are displayed on the surfaces of functionally named antigen-presenting cells. Thus, the molecular markers for adaptive immunity are Ig, TCR, MHC molecules and the machinery for generating receptor repertoire diversity, namely the recombinase activating gene (RAG) products that rearrange gene elements and terminal deoxynucleotidyl transferase (TdT) that creates the non-templated junctional N-regions. All of these molecules have only been found in the jawed vertebrates. No homologs that could be considered to represent direct predecessors have been isolated from jawless fishes or invertebrates.
Innate immune responses are seen in both invertebrates and vertebrates and arguably are present in single-celled eukaryotes. From available molecular evidence it appears that adaptive immunity evolved in an ancestor of present-day jawed vertebrates. Thus, in jawless fishes and invertebrates, innate immune responses may be the only means of host defense. In the jawed vertebrates, innate immune responses provide an effective first line of defense and assist lymphocytes in the detection and removal of pathogens and other antigens. Non-lymphoid leukocytes contain phagocytes, granulocytes, and natural killer (NK) cells that use a variety of receptors to initiate the innate response (Cooper et al., 2001; Figdor et al., 2002; Medzhitov, 2001; Peiser et al., 2002) . The cells and molecules of the adaptive immune system work in consort with the innate system and can be considered a more specialized version of the earlier, solely innate, system (Lo et al., 1999; Medzhitov and Janeway, 1999) . In this paper, we will discuss key molecules in adaptive immunity that serve various functions and consider the possible nature of their evolution from precursor molecules. For comparison, we will consider the components of the complement cascade, which exemplify the hypothesis of a gradual evolution from innate immune functions in invertebrates to adaptive responses (Table  1 ) (for review see Gross et al., 1999 , Travis, 1993 , and Zarkadis et al., 2001 . In higher vertebrates, the complement cascade can be activated directly by microorganisms (alternative pathway), by lectin binding to microorganisms (lectin pathway) or by immunoglobulins complexed to antigen (classical pathway). Only the latter is considered part FIG. 1. The location of the RAG-1 (A) and RAG-2 (B) primer annealing sites on a schematic of the mouse protein-coding regions (Oettinger et al., 1990; Schatz et al., 1989) . Solid arrows denote forward primers and dashed arrows denote reverse primers. Below the name of each primer is the corresponding 5Ј nucleotide number. The overall length of each region is shown at the right. of adaptive immunity while the other two are innate responses. The molecules of the classical pathway (C1, C2, C4) are found in jawed vertebrates but molecular evidence for the alternative pathway (factor B, C3) and the lectin pathway (MBL, MASP) is found in more distantly related organisms (Al-Sharif et al., 1998; Nonaka et al., 1998; Zarkadis et al., 2001) . Related thioester-containing molecules (C2, factor B, C3, C4) play a central role in all three pathways and have clear relatives in lower vertebrates and invertebrates. These molecules of the ␣-2-macroglobulin family contain members that are not linked directly to immunity as well as components of the three complement cascades (Dodds and Law, 1998) . Thus, complement will be discussed as an example of gradual evolution from predecessors of similar function. Each molecule may provide different clues for the evolution of the molecules of adaptive immunity.
REARRANGEMENT MACHINERY RAG-1 and RAG-2 encode the molecules that rearrange antigen receptor genes (Oettinger et al., 1990; Willerford et al., 1996) . The mostly intron-less structure and the close linkage of the two genes make them unlike other higher vertebrate genes. It has been suggested that RAGs may have been horizontally transferred from a lower eukaryote or prokaryote into the vertebrate lineage (Bartl et al., 1994; Oettinger et al., 1990 ). More recent evidence that RAG recombination is mechanistically similar to retroviral integration and transposition supports the hypothesis that RAGs originated as a retrotransposon (Agrawal, 2000; Fugmann, 2001; Gellert et al., 1999; Schatz, 1999) . This hypothesis must be considered in the context of recent work on the general principal of horizontal gene transfer from microbes to vertebrates that found greater support for gene loss, sample size effects and variation in evolutionary rate as explanations for the available data (Salzberg et al., 2001; Stanhope et al., 2001) . Horizontal transfer, gene loss or variation of evolutionary rate would all result in no detectable RAG homologs in the close ancestors of the jawed vertebrates.
Unlike most of the other molecules of adaptive immunity, RAGs are quite well conserved within the jawed vertebrates. RAG-1 is especially well conserved containing 80 amino acid blocks with Ͼ75% similarity at the protein level (Bernstein et al., 1996) . If RAG-1 homologs are present in taxa older than jawed vertebrates, then specific PCR primers to highly conserved sites should be a sensitive method of detection. We designed seven sets of primers for RAG-1 and three sets for RAG-2 (Fig. 1) . All primer sets except one amplified a band of the correct size using mouse DNA as a template (Table 2 ). The RAG-2 primer sets did not produce the correct product as consistently as the RAG-1 primers, which is not surprising since this gene is less well conserved. One of the RAG-1 products from nurse shark was isolated and sequenced and shows a degree of overlap with a partial nurse shark clone reported previously and significant similarity with the bull shark and human RAG-1 genes ( Fig. 2 ) (Bernstein et al., 1996; Greenhalgh and Steiner, 1995; Schatz et al., 1989) . Multiple PCR products from jawless fishes and protochordates (Botryllus and Styela) that were close to the correct size were sequenced as well. None of these had sequence similarity to RAGs outside of the priming sites (data not shown). We conclude that if RAG-1 existed in ancestors of the jawed vertebrates it is undetectable by this quite sensitive method.
GENERATION OF N-REGIONS N-region addition at gene element junctions in Ig and TCR genes contributes significantly to the overall diversity of receptor repertoires in the jawed vertebrates (Du Pasquier, 1993; Hinds-Frey et al., 1993) . The addition of non-template-encoded nucleotides during the rearrangement process is mediated by terminal deoxynucleotidyl transferase (TdT). Partial TdT genes were recently isolated from cartilaginous fishes and used as probes to assay lymphoid tissues during shark and skate development Rumfelt et al., 2001) . The expression of TdT in tandem with RAGs is a conserved feature of sites of lymphocyte development in cartilaginous fishes as it is in higher vertebrates. An analysis of the full-length TdT genes from shark and skate finds significant sequence similarity to the pol X gene family (S. B., unpublished data). This family includes other vertebrate TdTs, DNA polymerase beta and yeast DNA polymerase IV (Anderson et al., 1987; Holm and Sander, 1995; Shimizu et al., 1993) . Thus, TdT is a member of a larger family of DNA manipulating enzymes but only TdT functions in a template-independent manner.
It is unclear when in the evolution of this gene family a DNA polymerase became template independent. Earlier TdT homologs may be found in invertebrates. The level of similarity between pol X family members makes them detectable by standard PCR methods such that all members could be isolated from jawless fishes and protochordates. These genes may provide clues to TdT evolution by the loss or gain of key DNA binding residues. Though the putative role of TdT prior to gene rearrangement is unclear at this time there is precedent for nucleotidyl transferases in the repair of abasic sites (Masuda et al., 2002; Zhang et al., 2002) . If RAGs did not exist prior to the jawed vertebrates then the predecessor of antigen receptors must have been a non-rearranging member of the Ig gene superfamily complete with identifiable regions with similarity to V, J and C regions. If we continue the argument that precursors performed innate immune functions and present-day relatives perform similar functions in the jawed vertebrates, then a recently identified group of molecules are likely candidates. These are the novel immune-type receptors (NITRs) isolated from bony fishes (Hawke et al., 2001; Strong et al., 1999; Yoder et al., 2001) . These receptors are part of a large family each having either one or two Ig domains that are structurally similar to the V domain of Ig, TCR and a set of Ig-type receptors (called KIR) expressed on mammalian NK cells. Thus, NITRs have structural similarity to receptors on cells of both the adaptive and innate immune systems. Intriguingly, some of the V domains of the NITRs end with a region encoding GXG characteristic of the J regions of the adaptive antigen receptors (Ig and TCR) and these are linked to constant region domains (Hawke et al., 2001) . Different NITR members possess either potentially activating or inhibiting cytoplasmic regions. In mixed leukocyte reactions, which measure immune responses to allogeneic cells, some of the NITRs are up-regulated implying an association with immune function (Hawke et al., 2001) . NITRs display multiple structural similarities with antigen receptors that are best explained by homology rather than convergence. The intriguing possibility is that this large diverse family shares a direct ancestor with the antigen receptors of adaptive immunity. The diversity seen in bony fishes may reflect a lack of specialization by the innate and adaptive immune systems. In contrast, mammals may represent a highly partitioned system where only a remnant of the NITR family remains in the form of the KIR receptors. Further speculation awaits the isolation of NITRs from jawless fish and protochordates and the demonstration of their role in immunity, a difficult feat since assays for immune function are not well established in these organisms.
ANTIGEN RECEPTORS

MHC molecules
In higher vertebrates MHC molecules are members of a large gene family (for review see Bartl, 1998 , Braud et al., 1999 , and Maenaka and Jones, 1999 . Most MHC genes are found at one chromosomal location called the major histocompatibility complex. Structural features divide the members into class I and class II types. Within each type are functionally defined classical molecules, which present processed antigens to T lymphocytes, and non-classical molecules. Some examples of the roles of non-classical MHC molecules are iron homeostasis (Hfe), processing of antigens (DM) or presentation to cells other than T lymphocytes (HLA-E) (Braud et al., 1998 (Braud et al., , 1999 Lee et al., 1998; Maenaka and Jones, 1999) . In general, the classical MHC molecules are highly polymorphic, encoded in the MHC, and expressed in a temporal and spatial pattern characteristic for each class type. Nonclassical MHC molecules usually have few alleles, are not always MHC-encoded, and vary widely in their function and expression pattern.
The evolution of MHC molecules poses a dilemma. There are clear examples of MHC molecules performing innate immune functions in higher vertebrates. For example, NK cells recognize some classical MHC molecules (Lanier, 1998) . Also, the innate immune system has recently been found to play a role in the recognition of allogeneic tissue grafts, a process previously considered to be T lymphocyte-mediated recognition of non-self MHC molecules (Fox-Marsh and Harrison, 2002; Maier et al., 2001) . On the other hand, some MHC molecules appear to be ancestors in phylogenetic analyses such as the non-classical class I molecules of bony fishes and the DM class II molecules (Bartl, 1998; Hughes and Yeager, 1997) . It has been suggested that the MHC ancestor is a class II rather than a class I molecule . Thus, DM molecules may represent a direct link to the ancestral molecule. Present-day DM molecules do not have an innate immune function. They serve as chaperones in the pathway that loads antigenic fragments onto classical class II MHC molecules (Brocke et al., 2002; Van Kaer, 2001 ).
Thus, the MHC ancestor may have had a role in protein trafficking and not immunity. Recent evidence from a second set of chaperones besides DM may suggest that the MHC predecessor was a heat shock protein (hsp). Several hsp's have been found to function like MHC molecules by binding antigenic peptides, being expressed within cells and on cell surfaces, and mediating T cell activation (Banerjee et al., 2002; Li et al., 2002; More et al., 2001) . The immunological properties of one hsp (gp96) appear to be conserved between mammals and amphibians (Robert et al., 2001a, b) . In light of this new evidence it is worth revisiting the similarity noted by Flajnik et al. between the putative peptide-binding site of hsp70 and MHC class I molecules of amphibians . Also, hsp70 has been mapped within the MHC locus in frogs as it is in higher tetrapods (Salter-Cid et al., 1994) . Thus, an MHC predecessor may share the common structural and functional features of MHC molecules and hsp's.
In addition to the lack of ancient genes with clear innate immunological function, two other features make MHC precursors difficult to trace. First, even recent precursors of mammalian MHC genes appear to change from classical to non-classical functions, arguing for multiple evolutionary events towards adaptive functions (Cadavid et al., 1997) . Even MHC molecules whose functions may be considered solely innate such as HLA-E regulating NK cells or HLA-G involved in maternal-fetal immune responses, appear to have evolved late in the vertebrate lineage . Second, the high degree of polymorphism in classical MHC genes appears to be a common feature from mammals to cartilaginous fishes (Bartl, 1998; Kasahara et al., 1993; Okamura et al., 1997) . The lack of evidence for MHC molecules in jawless fishes and invertebrates may be due to low sequence similarity rather than absence. However, close examination of MHC molecules that branch early in phylogenetic analyses (i.e., DM), and possibly the hsp's, may identify conserved regions that could be successfully targeted by short primers with limited degeneracy to amplify homologs in jawless fishes and protochordates. Alternatively, methods that target functions associated with classical MHC molecules hold the possibility of identifying either the MHC predecessor or unrelated molecules that have converged on a similar function. Either result would contribute to our understanding of the evolution of adaptive immunity. An example of such work is the progress towards the isolation of the Fu/HC locus, which governs histocompatibility in the protochordate Botryllus schlosseri (De Tomaso et al., 1998) .
COMPLEMENT COMPONENTS In contrast to the examples discussed to this point, the adaptive arm of the complement cascade seems to have developed from the components of the innate arm in a direct fashion. There are several identified gene families within the cascade and we will begin with the C3 and C4 components (for review see Gross et al., 1999 , Nonaka, 2001 , and Zarkadis et al., 2001 . These components are members of a protein family in which some members evolved from non-immune to innate to adaptive functions, while other members retained their previous functions in the higher vertebrates. Alpha-2-macroglobulins (␣2M) are related to C3 and C4 and are found in lower invertebrates, protochordates, jawless fishes and higher vertebrates. The progressive evolution from serine protease inhibitors (␣2M) to cell surface tags (C3 and C4) has been discussed elsewhere (Dodds and Law, 1998) . In lower invertebrates, only ␣2M genes have been found, but clear C3 homologs, as well as ␣2M, have been isolated from higher invertebrates (echinoderms and protochordates) and jawless fishes. FIG. 3 . A phylogenetic tree of a partial deduced amino acid sequence from select C4, C3 and ␣2M genes and two Botryllus clones (Genbank accession numbers AY102166 and AY102167) using the neighbor-joining method (Saitou and Nei, 1987) . The numbers are the percent recovery of that node for 1000 bootstrap replications. The Genbank accession numbers for the aligned sequences are: C4 from human (K02404), Medaka (AB025577), carp (AB037279); C3 from human (K02765), trout (L24433), lamprey (D10087), hagfish (Z11595), Amphioxus (AB050668), Ciona (AJ320542, AJ320543), Halocynthia (AB006964), sea urchin (AF025526); ␣2M from human (M11313), rat (J02635), lamprey (D13567), Ciona (AJ431688), horseshoe crab (D83196).
FIG. 4.
A schematic diagram of the early events in complement cascade activation. All three initiation pathways converge on a C3 activation step that then results in common effector functions. (Adapted from Fujita, 2002 and Janeway et al., 1999.) We used PCR primers designed to all known C3/ ␣2M homologs to amplify cDNA from the protochordate Botryllus schlosseri and isolated 2 partial clones. The deduced amino acid sequences for the Botryllus clones were placed in a neighbor-joining tree with other sequences in the ␣2M family (Fig. 3) . Although the short length of the sequences analyzed produced some nodes with low bootstrap values, several conclusions can be made. One Botryllus clone (12c) appears to be a homolog of an ␣2M gene from another protochordate (Ciona). The other Botryllus clone (22e) is not closely related to either the Ciona ␣2M or the protochordate C3 sequences (Ciona and Halocynthia) (Marino et al., 2002; Nonaka et al., 1999) . It is not clear if this clone represents an ␣2m or a C3 gene. Thus, in the protochordates there may be two or more ␣2M genes that may have been present in earlier ancestors. These early duplication events would have allowed some loci to evolve into C3 genes while retaining other loci for the original ␣2M functions. A subsequent diversification of a C3 gene into C4 in the ancestor of jawed vertebrates provided the beginnings of the classical cascade. As appears logical, the complement cascade became more refined with the evolution of the vertebrates, retaining ancestral innate functions and adding new adaptive ones.
This progression also is seen when molecules up and downstream of C3/C4 are compared. C4 is a component of both the lectin (innate) and classical (adaptive) cascades (Fig. 4 and Table 1 ). These cascades are triggered when foreign agents are bound by certain lectins (mannose-binding lectin [MBL] or ficolin) or certain Ig subtypes (Fujita, 2002) . The alternative (innate) pathway is triggered by the presence of pathogen surfaces that activate C3. For the lectin and classical cascades the first components recruited are MASP (MBL-associated serine protease) or C1, respectively. These then activate C4. Although the lectins and Ig do not share structural similarity, MASP and C1 do. It has been hypothesized that C1 evolved from a MASPlike ancestor that switched its binding capacity from binding a lectin to binding an Ig molecule (Nonaka, 2001; Zarkadis et al., 2001) . In the classical and lectin pathways C4 activation is followed by C2 activation and in the alternative pathway factor B (B) is activated by C3. Factor B and C2 are also structurally similar. The most ancient MASP homologs (as well as a MBL homolog) have been found in protochordates while a factor B homolog is present in echinoderms (Ji et al., 1997; Smith et al., 1998; Vasta et al., 1999) . Thus, multiple early components of a lectin/alternative pathway were present during invertebrate deuterosome evolution. Then, during vertebrate evolution three clear pathways emerged, one of which was restricted to activation by the adaptive immune system. Additional downstream steps and the effector functions shown in Figure 4 also appear to have been gradually acquired during complement cascade evolution (Fujita, 2002) .
CONCLUSIONS
In this paper we have made the argument that at least some of the molecules of adaptive immunity arose from structurally similar precursors with related innate immune functions. We began by considering the possibility that predecessors were performing functions unrelated to immunity as less likely. We discussed the initial components of the classical (adaptive), lectin (innate) and alternative (innate) cascades of complement as examples of a gradual evolution of related molecules from non-immune (␣2M) to immune (C3 and C4) function and from innate (MASP) to adaptive (C1) function. In comparison, we addressed the other key molecules in immune evolution and considered which may have had immune functions prior to the evolution of adaptive immunity.
Since the antigen receptors on lymphocytes require rearrangement, we first considered the molecules responsible for this process, RAG-1 and RAG-2. These genes are relatively well conserved and at least RAG-1 is quite easy to isolate from various jawed vertebrates. But there is no evidence that a similar molecule is present in the jawless vertebrates or invertebrates. Although other DNA manipulating enzymes, such as microbial site-specific recombinases, share some structural features with the RAGs, their overall similarity is low (Bernstein et al., 1996; Hughes and Yeager, 1997) . It has been suggested that the RAGs were horizontally transferred in tandem into a jawed vertebrate ancestor and recent evidence for transposition activity by RAGs suggests a viable mechanism. Future analyses of the general process of horizontal gene transfer from microbes to vertebrates may find the RAGs to be a unique exception.
The addition of non-templated nucleotides by the TdT enzyme adds diversity to the receptor repertoire. Part of a well-conserved family of DNA polymerases, the TdTs themselves are also well conserved. It should be quite straightforward to isolate all family members from the jawless fish and key invertebrates and compare structural features. Since structure/function relationships of several family members including TdT have been well characterized, it should be possible to identify intermediary precursors of TdT (Anderson et al., 1987; Holm and Sander, 1995) . However, we find no obvious innate immune role for a TdT precursor. Rather, the recruitment into adaptive immunity of a DNA repair enzyme may have taken very few evolutionary steps to produce the present-day TdTs.
MHC molecules that present antigenic fragments to T lymphocytes are members of an apparently ancient family of diverse molecules that also function in innate immunity. Some of the present-day innate functions may reflect an ancestral role. However, targeting MHC molecules that function in innate immunity presents difficulties. They are a diverse group of molecules with many innate immune functions and in some cases overlapping adaptive immune roles. They also seem to switch easily between innate and adaptive functions on short evolutionary timescales. Alternatively, comparisons of phylogenetically distant genes may predict structural features of the MHC predecessor and have been previously discussed by one of us (Bartl, 1998) . Following the argument that MHC class II molecules evolved first and that DM genes diverged early in class II evolution, common features between DM and classical class II genes may be ancestral (Bartl, 1998; Hughes and Yeager, 1997) . Recent evidence for immunological roles of some hsp's suggests that similarities between these chaperones and MHC molecules may provide clues to a common predecessor (Banerjee et al., 2002; Flajnik et al., 1993; Li et al., 2002; More et al., 2001; Robert et al., 2001a, b) . Thus, it must be considered that the ancestral MHC molecule may have been a chaperone rather then a receptor of the innate immune system. A shift from chaperoning peptides to presenting them to T cells may have been the crucial evolutionary step.
The antigen receptors, Ig and TCR, are related Ig superfamily members that require rearrangement. We would argue that their direct ancestors were similar to the Ig superfamily of NK receptors in mammals and the NITR family found in bony fish. These receptors have immune functions and as the family becomes better characterized we predict that some family members with clear similarity to Ig and TCR will be found in jawless fish and invertebrates as well.
In conclusion, at this time adaptive immunity appears to have evolved ''with a bang'' or all at once in an ancestor of the jawed vertebrates with all components appearing out of nowhere (Schluter et al., 1999) . This would be the case if evolution worked rapidly and simultaneously to convert multiple predecessors with non-immune function. Here, we argue for one small bang that occurred when RAGs began their present roles with the other molecules of adaptive immunity gradually evolving from predecessors, some with previous innate functions. We predict that the predecessors of the antigen receptors arose by gene duplication and gradual diversification and that the related genes have persisted with their ancestral functions in invertebrates and cartilaginous fishes. We consider the possibility that some of these related genes may have been lost in higher vertebrates. We predict that the MHC molecule predecessor was recruited from an ancestor involved in protein trafficking. Molecular evidence to support our prediction has been difficult to obtain due to the inherent diversity of the MHC molecules. In the case of TdT relatively few changes would convert a temple-dependent DNA polymerase with no immune function to the template independence that generates diversity in antigen receptors. Starting with four different molecules we end with four different scenarios of the past and forecast an interesting future hunt for evolutionary immunologists.
